3D interface crack Boundary element method Fully coupled electromagnetothermoelastic anisotropic multiphase composites Hypersingular intergro-differential equation method Extended stress intensity factors a b s t r a c t This contribution presents an extended hypersingular intergro-differential equation (E-HIDE) method for modeling the 3D interface crack problem in fully coupled electromagnetothermoelastic anisotropic multiphase composites under extended electro-magneto-thermo-elastic coupled loads through theoretical analysis and numerical simulations. First, based on the extended boundary element method, the 3D interface crack problem is reduced to solving a set of E-HIDEs coupled with extended boundary integral equations, in which the unknown functions are the extended displacement discontinuities. Then, the behavior of the extended singular stress indices around the interface crack front terminating at the interface is analyzed by the extended main-part analysis. The extended stress intensity factors near the crack front are defined. In addition, a numerical method for a 3D interface crack problem subjected to extended loads is proposed, in which the extended displacement discontinuities are approximated by the product of basic density functions and polynomials. Finally, the radiation distribution of extended stress intensity factors at the interface crack surface are calculated, and the results are presented toward demonstrating the applicability of the proposed method.
Introduction
The development of piezoelectric and piezomagnetic composites has its roots in the early work of Davis (1974) , Jordan and Eringen (1964a,b) , Tinkham (1974) , Vandenboomgaard et al. (1976a,b) . Nowadays, electromagnetothermoelastic coupled multiphase composites (EMTE-CMCs) have wide range applications in science and engineering such as space planes, supersonic airplanes, rockets, missiles, nuclear fusion reactors and submarines. Fully coupled electromagnetothermoelastic anisotropic multiphase composites (FC-EMTE-AMCs) are special EMTE-CMCs consisting of two constituent parts whose composition change continuously along one direction. The microstructure is usually heterogeneous and the dominant failure mode is the crack initiation and propagation from the inclusions. The oscillation singularity as well as overlapping of crack surfaces near the crack tip makes it much more difficult exactly to solve the equations compared with the cases of the ordinary cracks in EMTE-CMCs.
In the field of common materials, using J 2 line integral and finite element method, Khandelwal and Chandra Kishen (2008) predicted the stress intensity factors (SIFs) for 2D interface crack problem under arbitrary thermal loading in dissimilar materials. Pindra et al. (2008) studied the deformation of the front of a semi-infinite 3D interface quasistatically propagating crack problem in an infinite heterogeneous elastic body. Based on finite element method, the effect of interaction between an interfacial crack and a microcrack in ceramic/aluminum bi-materials is analyzed by Belhouari et al. (2008) . Noda and Xu (2008) studied stress intensity factors of planar rectangular interfacial crack in 3D bimaterials subjected to tension.
In the field of multiphase composites, Wang and Pan (2008) analyzed the interaction between a screw dislocation and a Kelvin-type viscoelastic interface bonding two transversely isotropic piezoelectric half-planes. Singh et al. (2008) analyzed 2D anti-plane permeable interface crack problem under combined out of plane mechanical and in-plane electrical loads for two bonded dissimilar graded piezoelectric half-space, and obtained the relationship between SIFs and material parameters. With boundary element method, Zhao et al. (2008) studied arbitrary planer interface crack in 3D transversely isotropic magnetoelectroelastic bimaterials. Correa et al. (2008) analyzed fibre-matrix interface crack growth in composites under transverse compression by boundary element method. With finite element method, Mankour et al. (2008) analyzed the 2D interface crack between two dissimilar isotropic elastic materials (ceramic/metal). Using the integral transform, singular integral equation methods and the theory of residues, a 2D crack crossing the interface of functionally graded layered structure was studied analytically by Guo and Noda (2008) , and the variations of the SIFs with nonhomogeneity constants are depicted when the crack moves from one layer into another layer.
However, relatively little work has been done on 3D interface crack problem in fully coupled electromagnetothermoelastic anisotropic multiphase composites. This seems to be due mainly to the present limitations on practical methods (such as accurate and efficient mathematical modeling) and on theoretical aspects (accurate 3D formulations of dislocation shielding and image force). These problems require a general and an accurate theoretical method. The hypersingular integral method combined with the finite-part integral method (Chen and Hong, 1999; Erdogan, 1978; Ioakimidis, 1982; Qin and Tang, 1993; Qin et al., 2008; Zhu and Qin, 2007a ,b, 2008a ,b, 2009 Zhu and Shi, 2009 ), provides an efficient method for analyzing this kind of 3D crack propagation problem.
In the present paper, based on the previous work (Zhu and Qin, 2007a ,b, 2008a ,b, 2009 Zhu and Shi, 2009 ), a extended hypersingular intergro-differential equation (E-HIDE) method for modeling 3D interface crack problem in FC-EMTE-AMCs under extended fully coupled loads (the mechanical load, the electrical load, the magnetic load and the thermal load) is proposed for the first time. First, based on the extended boundary element method and extended boundary conditions, the 3D interface crack problem in FC-EMTE-AMCs is reduced to solving a set of E-HIDEs coupled with extended boundary integral equations, in which the unknown functions are the general extended displacement discontinuities (the displacement discontinuity, the electric discontinuity, the magnetic discontinuity, and the thermal discontinuity). Then, the behavior of the general extended singular stress indices (the stress index, the electric density index, the magnetic density index, and the thermal density index) around the interface crack front terminating at the crack surface is analyzed by the extended main-part analysis method of E-HIDEs. The extended stress intensity factors (the SIFs K I , K II and K III , the electric intensity factors K IV , the magnetic intensity factors K V , and the thermal intensity factors K VI ) are thus defined. In addition, a numerical method of solving the E-HIDE for 3D interface crack in FC-EMTE-AMCs subjected to extended coupled loads is proposed, in which the extended displacement discontinuities are approximated by the product of the extended basic density functions and polynomials. Finally, the radiation distribution of extended stress intensity factors for fully coupled electromagnetoelastic fields at the interface crack surface are analyzed as functions of crack shape, spatial location and materials parameters. The relationship between extended stress intensity factors and the electro-magneto-thermo-elastic coupling effects is analyzed. The numerical results are then presented toward demonstrating the applicability of the proposed method.
Basic equations
The linear governing equations and constitutive relations (Aboudi, 2000 (Aboudi, , 2001 Perez-Aparicio and Sosa, 2004) can be expressed by tensor forms
In the present paper, summation from 1 to 3 over repeated lowercase, and of 1 to 6 in uppercase subscripts is assumed, and a subscript comma denotes the partial differentiation with respect to the extended coordinates (i.e., x 1 , x 2 , x 3 , x 4 , x 5 , x 6 or x, y, z, m, n, l).
In addition, the combined constitutive equation is written as (Zhu and Qin, 2007a,b) .
Hypersingular integral equation for an arbitrary 3D crack
Consider the FC-EMTE-AMCs containing a 3D stochastic crack as shown in Fig. 1 . A fixed global rectangular Cartesian system x i (i = 1,2,3) is chosen. Assume that the stochastic crack S(S + [ S
À
) is subjected to remote the mechanical loads p j (P, Q), the electrical loads q(P, Q), the magnetic loads b(P, Q) and the thermal loads q(P, Q), respectively. The local rectangular Cartesian system n i are chosen, the stochastic crack is assumed to be in the n 1 n i 2 plane and normal to the n 3 axis, the angle between the fixed global axis x i and local Cartesian n i is defined as w i (x i ,n i ).
Using the EMTE form of the Somigliana identity, the extended displacement, U I (p), at interior point p(x 1 , x 2 , x 3 ) is expressed as The third-order integral kernels tensors S KiJ = ÀE iJMn T MK,n , D KiJ = ÀE iJMn U MK,n . Let the source point p be taken to the boundary C Fig. 1 . An arbitrary 3D crack in fully coupled electromagnetothermoelastic anisotropic multiphase composites.
and represented by P, applying the extended impermeable boundary conditions on the dislocations surfaces
where superscripts + and À denote the upper and lower dislocation surface, respectively. The hypersingular integral equations can be obtained as
where p i , p 4 (q), p 5 (b) and p 5 (q) can obtain from the solution for the loads of the solids. The kernel functions K ij are given in Appendix A.
Hypersingular intergro-differential equations for 3D interface crack
When w i (x i , n i ) = 0 and n 3 (O 0 ) = 0, the crack is located in the interface of FC-EMTE-MCs, and the crack type becomes an interface crack, as shown in Fig. 2 .
Using Eq. (4) and boundary conditions Eq. (5), the hypersingular intergro-differential equations for 3D interface crack for FC-EMTEMCs can be reduced to
where the kernel functions K ij are given in Appendix A.
Extended singularity and extended stress intensity factors near the crack front
With an interest of investigating the singularity of the crack front, consider a local coordinate system defined as x 2 x 3 , in which the x 1 -axis is the tangent line of the crack front at point q 0 , the x 2 -axis is the internal normal line of the crack plane, and the x 3 -axis is the normal of the crack. Then the extended incremental displacement discontinuities gradient of the crack surface near a crack front point q 0 can be expressed as
where g k (q 0 ) is non-zero complex constant related to point q 0 , and k k are represents the singular indices at the crack front. Consider a small semi-circle domain S e on the dislocation surface that includes point q 0 . Using the main-part analytical method given by Qin and Tang (1993) , the singular indices are obtained as
where j a ¼ 3 À 4 m a , l a , m a are equivalent shear modulus and equivalent Poisson's ratio, respectively. The extended stress intensity factors are defined as 
where r is the distance from point p to the dislocation front point q 0 .
Numerical method
In the procedure outlined above, the main bulk of the numerical work lies in the evaluation of Eqs. (9)-(11). As we known, the most difficult parts are the hypersingular integral for those parts that will decided the accuracy of the numerical results. Note that the kernel functions K ij are of Gauss-Chebyshev type and may be relative easily be evaluated. The extended displacement discontinuities unknown functions can be written as
where F I (n 1 , n 2 ) can be defined as follows: 
The non-dimensional extended stress intensity factors of the 3D interface crack front F I,k are defined as 
Numerical results and discussion
In this section, the numerical results and discussions described in this paper are used in analyzing 3D interface rectangle crack problem under fully coupled electromagnetothermoelastic fields. The non-dimensional independent material constants are listed in the reference Zhu and Qin. Consider a 3D rectangular interface crack subjected to the mechanical loads r 
Convergence of numerical solutions
For the case where the crack shape ratio is b/a = 1, the collocation points are KK = LL = 20 Â 20, the stress intensity factors F i;k i at crack surface as a function of coordinate x 1 /a(x 2 /b) are shown in Table 1 and compared with those given by Qin and Noda (2003) , Wang and noda (2001) , Zhu and Qin (2007a,b) . Due to the symmetry, only the numerical results of stress intensity factors F i;k i for x 1 / a P 0(À1 6 x 1 /a 6 1) and x 2 /b P 0(À1 6 x 2 /b 6 1) are given. The simulated results show that F i;k i on x 2 = ±b(x 1 = ±a) side decrease with increasing x 1 /a(x 2 /b) when À1 6 x 1 /a 6 0(À1 6 x 2 /b 6 0), but increase with increasing x 1 /a(x 2 /b) when 0 6 x 1 /a 6 1(0 6 x 2 / b 6 1). F i;k i reach a maximum value when x 1 /a = 0(x 2 /b = 0), and F i;k i reach a minimum value when x 1 = ±a(x 2 = ±b).
In the case of e ¼ 0:02, the numerical results of dimensionless stress intensity factors with increasing the polynomial exponents are given in Table 2 for different number of collocation points, It is shown that the results are convergent, and the collocation point Table 1 Convergence of SIFs F i;k i for e ¼ 0 and b/a = 1 at x 2 = ±b (x 1 = ±a), KK=LL= 20 Â 20, M = N = 13 Â 13.
x 1 /a (x 2 /b) 0/11 1/11 2/11 3/11 4/11 5/11 6/11 7/11 8/11 9/11 10/11 F I;k1 (Zhu and Qin, 2007a,b) (Zhu and Qin, 2007a,b) 0 Table 2 Convergence of SIFs Fi;k i for e ¼ 0:02 and b/a = 1 at x 2 = ±b (x 1 = ±a), KK=LL= 20 Â 20.
x 1 /a (x 2 /b) 0/11 1/11 2/11 3/11 4/11 5/11 6/11 7/11 8/11 9/11 10/11 number 20 Â 20 and the polynomial exponents M = N = 13 are enough for satisfied result precision in this case. In general, too large polynomial exponents cannot give reliable results. The polynomial exponents M, N depend on the collocation point number. For the polynomial exponents M = N = 15, the results of the collocation point number 20 Â 20 are not good, but the ones of the collocation point number 30 Â 30 are satisfied.
Varying with material parameter and crack shape
When material parameter and crack shape are changed, it is the case of a 3D surface crack in two different materials interface. Now the polynomial exponents are taken as M = N = 13, and the collocation point number is 20 Â 20. Figs. 3 and 4 give the stress intensity factors F I;k 1 and F II;k 2 as a function of x 1 /a and e for different ratios of b/a. When crack shape b/a is fixed, F I;k 1 increase as the e increases, while F II;k 2 decrease with increasing e. This is the important results for interface crack on FC-EMTE-MCs interface.
Comparison with the 2D cases
As we discussed in the previous work (Qin and Noda, 2003; Zhu and Qin, 2007a,b; Qin et al., 2007) , we know when crack shape ratio b/a = 8, it is the case of a 2D surface crack in two different Table 3 gives the stress intensity factor F i;k i for different e when b/a = 8.
To analyze the 2D interface crack more clearly, Figs. 5 and 6 give the stress intensity factor as a function of x 1 /a and b/a for different e. From Figs. 5 and 6 we observe that the stress intensity factors F I;k 1 and F II;k 1 increases with the increase of b/a for fixed value of e.
Figs. 7 and 8 give the stress intensity factor as a function of e and b/a for x 1 /a changing from 0 to 1. We observe from Fig. 7 that dimensionless stress intensity factors F I;k 1 increases with b/ a for fixed value of e and decrease with e for fixed value of b/a.
While it can be found in Fig. 8 that the F II;k 2 increase with both e and b/a.
General cases
For general cases, the polynomial exponents are taken as M = N = 13, and the collocation point number is 20 Â 20 for the following results. When the solid is subjected to the extended loads r 1 3i , D 1 33 and B 1 33 at infinity, the stress intensity factors along the crack front meeting at the interface is of mixed mode II& III. Table  4 gives the maximum stress intensity factors F Imax and F IImax for different ratios of a/b and e at crack front points (±a, 0) and (0, ±b), respectively.
Figs. 9 and 10 give the dimensionless stress intensity factors F I;k 1 and F II;k 2 along the crack front at the interface for the different composites parameter ð eÞ and geometrical shape parameters (x 1 /a and b/a), respectively.
It can be found from Fig. 9 that, when e and x 1 /a are fixed, with the crack shape ratio b/a, increasing from 1 to 8, the dimensionless stress intensity factors F I;k 1 increase. With the increase of b/a the numerical results convergence to a stable value, which is the same as that determined from the results of an 2D interface crack problem (b/a P 8). When b/a and x 1 /a are fixed, with the material parameter e, decreasing from 0.1 to 0, the dimensionless stress intensity factors F I;k 1 increase. With the decrease of e the numerical results converge to a stable value, which is the same as that determined from the results of a 3D crack in fully coupled electromagnetothermoelastic multiphase composites. When b/a and e are fixed, with the x 1 /a, varying from À1 to 1 (due to the symmetry, only the part of x 1 /a 2 [0, 1] is plotted), the dimensionless stress intensity factors F I;k 1 increase when x 1 /a increasing from À1 to 0, while decrease when x 1 /a decreasing from 0 to 1, the maximum value is reached when x 1 /a = 0. From Fig. 10 , we can obtain that, when e and x 1 /a are fixed, with the crack shape ratio b/a, increasing from 1 to 8, the dimensionless stress intensity factors F II;k 1 increase. With the increase of b/a the numerical results converge to a stable value, which is the same as that determined from the results of an 2D interface crack problem(when b/a P 8). When b/a and x 1 /a are fixed, with the material parameter e, increasing from 0 to 0.1, the dimensionless stress intensity factors F II;k 2 increase. When b/a and e are fixed, with the x 1 /a, varying from À1 to 1 (Due to the symmetry, only the part of x 1 /a 2 [0, 1] is plotted), the dimensionless stress intensity factor F II;k 2 increase when x 1 /a increasing from À1 to 0, while decrease when x 1 /a decreasing from 0 to 1, the maximum value is reached when x 1 /a = 0.
Conclusions
In the present article, a 3D interface crack in FC-EMTE-AMCs under fully coupled electro-magneto-thermo-elastic loads was investigated by extended hypersingular intergro-differential equation method. This method has been proposed here for the first time. The following conclusions can be drawn from our results.
Using the principles of extended finite-part integrals and the extended main-part integrals method, the 3D interface crack problem is analyzed through a set of E-HIDEs coupled with boundary integral equations. Based on the E-HIDEs, the behaviors of extended stress singularities near the crack front are obtained by the extended main-part analysis of two dimensional hypersingular integrals, and the extended singular orders are analyzed.
A numerical method for treating the 3D interface crack problem subjected to extended loads is proposed and the radiation distribution of dimensionless extended stress intensity factors for multiple coupled fields at the crack surface have been calculated. Furthermore, the changing rule between the extended stress intensity factors between the crack geometry and material parameters have been analyzed.
In general, the extended SIFs not only depend on the crack geometry parameters, but also depend on the proper- ties of the materials and the electro-magneto-elastic coupling effects. The electric-magnetic-elastic coupling fields and materials properties have a stronger influence on the extended SIFs than does the geometry parameters. Among these parameters, that of electric-magnetic-elastic coupling effect is the primary factor in determining the results of extended SIFs.
Whenever there is a crack on the interface of FC-EMTE-AMCs, an analysis of the type described in this paper can be utilized in order to find the critical configurations under which the structure may be most vulnerable. In such cases, the strength predictions could be much more adequate and safe if these interface crack has been taken into account. Table 4 Dimensionless stress intensity factors F Imax and F IImax varying with e and b/a. (M = N = 13, KK = LL = 20 Â 20). 
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